ABSTRACT: Dimethylsulf.ide (DMS) and its precursor dimethylsulfoniopropionate (DMSP), in both particulate and dissolved forms, were surveyed during the early spring (March and April) and summer (July) of 1991 in coastal and offshore waters of the Gulf of Maine, USA, along with the hydrography, inorganic nutrients, phytoplankton chlorophyll, and phytoplankton taxonomic composition and abundance. Concentrations as high as 15 nM DMS (in April and July), 208 nM particulate DMSP (in April), and 101 nM dissolved DMSP (in July) were recorded. Total DMSP (dissolved plus particulate) reached 293 nM in a patch of the dinoflagellate Katodinium sp. in April. This is the first report of high DMSP concentrations in temperate waters in early spring associated with any organism other than the prymnesiophyte Phaeocystjs pouchetii. There were no correlations between phytoplankton biomass, as measured by chlorophyll a, and DMS, and there were only slight correlations between chlorophyll a and DMSP in elther dissolved or particulate form. As previously demonstrated by others, concentrations of intracellular (particulate) DMSP were related more to the presence of specific phytoplankton species rather than to overall phytoplankton biomass. The occurrence of high DMSP and DMS levels in early spring, comparable with or higher than those seen in summer maxima, at a time when bacterial activity is minimal and wind speeds are typically high may result in enhanced air-sea-fluxes of DMS. KEY WORDS. DMS . DMSP . Phytoplankton . Gulf of M a~n e
INTRODUCTION
Dimethylsulfide (DMS), a volatile sulfur compound long known to be produced by marine algae (Haas 1935 , Challenger & Simpson 1948 , is distributed throughout surface waters of the world ocean (Andreae 1990 , Bates et al. 1992 and references therein). The flux of DMS into the atmosphere and its subsequent photo-oxidation are important processes in the global sulfur cycle and have been implicated in acid precipitation and the formation of cloud condensation nuclei. DMS is the most important biogenic sulfur compound in the atmosphere (Bates et al. 1987 , Charleson et al. 1987 . The precursor of DMS is dimethylsulfoniopropionate (DMSP), which, in the case of planktonic algae, is produced especially by members of the classes Dinophyceae and Prymnesiophyceae (Andreae et al. 1983 , Keller et al. 1989 .
Studies of the distributions of DMS and DMSP in the marine environment have shown that there is significant spatial and temporal variability of both compounds in surface waters of the oceans, where phytoplankton are generally highest (Holligan et al. 1987 , Turner et al. 1988 , Malin et al. 1993 , Matrai & Keller 1993 . However, since the biosynthesis of DMSP by phytoplankton is species-specific, there are usually only weak correlations between phytoplankton biomass, as indicated by chlorophyll a concentrations, and DMS or DMSP concentrations in sea water (Barnard et al. 1982 , Bates & Cline 1985 . In addition, the conversion of DMSP to DMS is accomplished by a number of biologically-mediated processes, such as phytoplankton cell lysis, bacterial degradation, or grazing by zooplankton (Dacey & Wakeham 1986 , Nguyen et al. 1988 , Belviso et al. 1990 , Kiene & Bates 1990 , Matrai & Keller 1993 . Thus, to construct budgets for DMSP production and DMS release in the oceans, ~t is necessary to know not only the concentrations of DMS and DMSP in seawater, but also plankton community structure and trophodynamics.
Concentrations of DMS and DMSP are generally higher in coastal and shelf waters than in the open oceans, and highest concentrations have been recorded during blooms of specific phytoplankton taxa, notably the prymnesiophytes Phaeocystis pouchetii and .Emiliania huxleyi, and the dinoflagellate Gyrodinium aureolum (Barnard et al. 1984 , Turner et al. 1988 , Malin et al. 1993 , Matrai & Keller 1993 . W~t h the exception of P. pouchetii , these taxa and associated elevated levels of DMSP occur during the warmer months.
The Gulf of Maine, a biologically productive continentai sheif sea on the east coast of North America, seasonally experiences a variety of phytoplankton blooms. Many of the bloom species are known producers of substantial quantities of DMSP and DMS. We report hei-e the results of 3 research cruises in the Gulf of Maine in the spring and summer of 1991, during which we surveyed the distributions of DMS and DMSP in relation to the hydrography, nutrients, and the biomass and taxonomic composition of the phytoplankton. Our goal was to obtain data from different periods of the year when it was anticipated that DMSP and DMS would be low (winter and spring) and high (summer and fall) to use in the development of an annual budget and eventual model of DMS emissions from the Gulf of Maine.
MATERIALS AND METHODS
Three oceanographic surveys were conducted in the spring and summer of 1991: 15-17 March, aboard the RV 'ARGO-Maine', when we surveyed the inshore waters of the western Gulf of Maine, and 21-30 April and 5-14 July, aboard the RV 'Cape Hatteras', when we surveyed most of the offshore waters of the Gulf proper. On each cruise, we surveyed the hydrography using a CTD and rosette water sampler equipped with Niskin bottles. Vertical profiles of phytoplankton chlorophyll a were determined fluorometrically (Parsons et al. 1984 ) on bottle samples by filtering 100 m1 through a 25 mm Whatman GF/F filter and extracting the pigments for at least 24 h in 90% acetone at -20°C in the dark. Inorganic nutrient concentrations were analyzed using standard autoanalyzer techniques.
Subsamples for quantitative phytoplankton analyses were preserved immediately with 50 % glutaraldehyde to a final concentration of OS%, filtered sequentially onto 8, 3 and 0.2 pm Nuclepore filters and frozen until enumeration. Samples were examined using a Zeiss Axiomat epifluorescence microscope. In addition, vertical net tows (25 pm mesh) were made and the samples fixed with Lugol's iodine solution to provide a qualitative estimate of larger phytoplankton. These samples were examined using settling chambers and a Zeiss inverted microscope. Chlorophyll-containing cells in each of the filtered size fractions were counted using epifluorescence microscopy, and cells identified, when possible, into major taxa or pigment groups, e.g. diatoms, dinoflagellates, coccolithophores, cryptomonads, and phytoflagellates; cells comprising greater than 1 % of the population were identified to genera or species, if possible. A minimum of 100 cells were counted in each sample.
Samples for DMS and DMSP were collected into 250 m1 glass, gas-tight syringes with luer-lock fittings, iditiilg care io minimize air Siibbles. These s~m p l e s were held inside the ship's laboratory in cool, dim conditions until analysis, generally within an hour. Subsamples for DMS analysis were sparged with nitrogen gas for periods of 5 to 30 min, depending on sample size, cryotrapped and subsequently injected into a gas chromatograph with FPD detector (Varian 3300, Chromosil 330 column). Subsamples for DMSP were placed in serum vials, 1 m1 of 5 M KOH added, and the vials promptly sealed. Additional subsamples were gently filtered through a GF/F filter, and the filtrate was placed in serum vials and treated as above. These treatments represent respectively the total [DMSP(T)] and dissolved DMSP [DMSP(D)] present in each sample. These samples were stored in the dark and analyzed at a later date for DMS as above. Samples can be stored in this manner for several months without loss of DMS (Keller unpubl .) The addition of base is known to specifically and completely breakdown DMSP to DMS (Challenger & Simpson 1948) . Particulate DMSP [DMSP(P)J was calculated by difference between DMSP(T) and DMSP(D). Standards were prepared from known quantities of DMSP (Research Plus, Inc.) and analyzed similarly. The detection limit of the system is approximately 0.1 nM. The precision of the method is approximately 5 %. No DMS analyses were done on the March cruise, due to equipment failure.
RESULTS AND DISCUSSION
Seasonal distributions of chlorophyll a, DMS and DMSP for the 3 cruises are presented as area1 contour plots in Figs. 1 to 3. During the first survey cruise in March, we observed 2 patches of high phytoplankton biomass in separate areas of the western Gulf of Maine (Fig. 1A) . Surface chlorophyll a concentrations exalong the immediate shoreline. We observed relatively ceeded 10 pg 1-' at the southwestern-most stations in high surface nutrient concentrations, which were still Massachusetts Bay, and exceeded 3.5 pg 1-' In a secnear maximal wintertime values ( > l 0 pM NO3-N; ond patch toward the east and further offshore.
Townsend 1991), indicating that these 2 bloom patches Chlorophyll concentrations were also slightly elevated were just getting underway. Silicate was significantly tions offshore toward the east were only moderately elevated (ca 28 nM) as were those in the coastal waters on the Maine coast (ca 14 nM) (Fig. 1C) . DMSP concentrations were only weakly correlated with chlorophyll a concentrations (Fig. 4 ), but those correlations were positively influenced by a relatively few data points (4) with elevated chlorophyll a and DMSP concentrations. Thus, the levels of DMSP could not be directly correlated to phytoplankton biomass, as measured by chlorophyll a ; in fact, there was little coherence among levels of chlorophyll a, intracellular DMSP(P), or chlorophyll-specific DMSP(P) as seen in the areal contour plots in Fig. 1 . The characterization of the phytoplankton in March was qualitative. Only dominant species were identified from prepared slides and net tows. The population in Massachusetts Bay was largely a mixed diatom community with Phaeocystis sp. in colonial form being a CO-dominant. The dominant diatoms included species of Thalassiosira and Chaetoceros, especially C. socialis. The bloom area offshore to the east was comprised mainly of diatoms of the genera Nitzchia, Rhizosolenia and Thalassiosira.
No Phaeocystis colonies were observed in the east, but there was a variety of small phytoflagellates, some of which may have been single cells of Phaeocystis. The Gulf-wide survey in April (Fig. 2) was designed with the goal of sampling the Gulf of Maine spring diatom bloom. We began our survey with a transect that ran from the eastern Gulf, which is slower to vertically stratify in spring, to the western Gulf, where stratification and a diatom bloom typically occur earlier (Townsend 1991 , Townsend et al. 1992 . The highest chlorophyll a concentrations were in the western Gulf ( Fig. 2A) and DMSP as seen in the areal contour plots in Fig. 2A-E . DMS concentrations ranged from ca 2 nM to > l 5 nM in the central western Gulf (Fig. 2B) , where concentrations of DMSP(D) reached 175 nM, and of DMSP(P) were greater than 200 nM.
The phytoplankton data for Apnl are quantitative as well as qualitative, but it remains problematic to ascribe DMS or DMSP to any one group of species since the population at any one station was taxonomically diverse. However, the differences in the phytoplankton taxonomic composition between stations can explain in part the fluctuations in DMSP over a small area. For example, Stns 10 and 23, both in the central western Gulf (see Fig. 2D for locations), had significant phytoplankton biomass (surface chlorophyll a >5 pg 1-l). The composition of that biomass was quite different, however (Fig. 6) . known to bloom densely in Chesapeake Bay (USA) dunng the winter months (Sellner et al. 1991) , but this is the first record of a bloom of this species In the Gulf of Maine, and the first account of high levels of DMSP associated with it. Diatom blooms are commonly observed in the Gulf of Maine at this time of year and they are known to be variable in their tinling (Townsend & Spinrad 1986 , Townsend et al. 1992 , 1994 . As indicated by the low surface nutrient concentrations that we observed along the transect of stations extending from Nova Scotia to Cape Cod (1.0 to 2.7 pM NO3-N and 0.2 to 2.7 pM Si0,-SI), it appeared that we arrived after the main diatom bloom that spring. Phaeocystis sp. was not observed in these samples. We attempted to correlate DMS and DMSP concentrations with individual species by using cell numbers of individual species to subdivide the data (>104 cells 1-' for large cell types and >105 cells 1-' for smaller cell types). Most correlations were poor (r2 = 0.2 to 0.3). We believe this is due to the diversity represented in typical populations and our inability to appropriately weigh the CO-dominants. There were a few stations in April where the dinoflagellate Katodinium sp, completely dominated, with cell numbers >106 cells I-' At these stations (n = 5), the mean DMSP(T) concentration was 210 nM (range = 104 to 314 nM) and the mean DMS concentration was 11.4 nM (range = 5.2 to 16.2 nM). On a per cell basis, the DMSP content was ca 12 to 42 pg cell-', which is consistent with concentrations previously measured in laboratory cultures of similar sized dinoflagellates 16 to 43 pg cell-'; Keller et al. 1989) . The presence of the dinoflagellate population, superimposed upon or replacing the typical diatom flora, is noteworthy, and makes generalizations about temporal or spatial production of DMSP and DMS more difficult. In July, we observed relatively low summertlme phytoplankton biomass throughout the central Gulf, associated with nutrient depletion, and higher chlorophyll a concentrations around the periphery (Fig. 3A) . For example, chlorophyll a concentrations exceeded 11 pg 1-' In an area in the northern Gulf, which includes part of the eastern Maine coastal current of nutrient-rich, tidally-mixed waters (Townsend et al. 1987) . Concentrations were 5 pg 1-' or more In the surface waters off the Nova Scotian shelf, on the northern edge of Georges Bank, and just off Cape Cod. There was no correlation between DMS and chlorophyll a concentrations ( reached 169 nM at Stn 13 off the coast of Nova Scotia (Fig 3D) . There were several stations where DMSP values exceeded 100 nM.
Stn 47
Stn 13 The phytoplankton populations at various 4 e+6
stations were diverse and not clearly dominated by any one species. The community -3e+6 structure in July for 5 stations where either -DMS, DMSP(P) or chlorophyll a levels were E 2e+6 high is given in Fig. 8 . The community at Chaetoceros sp. and Leptocylindrus mini n~u s . Lesser dominants were the dinoflagellates Alexandrium, Scrippsiella and Dinophysis. Stn 62 (Fig. 3D) , we recorded the highest levels of DMS is in the eastern Maine coastal current system and typ-(16 nM) seen on this cruise. The levels of DMSP(P) at ically exhibits high numbers of diatoms throughout the Stn 66 (62 nM) are similar to those at Stn 62, despite warmer months. This is in response to injections of much lower surface water chlorophyll a concentrations deep-water nutrients to the surface in the tidally wellat Stn 66 than at Stn 62 (3.47 vs 7.76 pg I-'). The high mixed waters of the eastern Gulf of Maine (Townsend DMS concentrations at Stn 66 may be the result of et al. 1987) . Both Alexandrium and Scl-ippsiella proincreased zooplankton grazing there. Although we did duce large quantities of DMSP (Keller et al. 1989) ; to not collect zooplankton samples, the densities of copeour knowledge, Dinophysis has not been evaluated, pods are usually higher in this part of the Gulf than in and the diatoms are considered to be minor producers, waters further to the east (Townsend et al. 1987 ). Because of the mlxed population, it is impossible to In July 1991, concentrations of the coccolithophore separate out the source(s) of the DMSP, a s it is not Emiliania hux1ej.i were ca 1 order of magnitude lower strictly a function of the presence of any one species.
(105 cells 1-l) than seen in previous years in the Gulf of Exceptional biomass, such as that found in the eastern Maine in bloom situations (Matrai & Keller 1993 ). findings (e.g. Turner et al. 1988 , Kiene & Bates 1990 , Leck et al. 1990 ).
In general, concentrations of DMSP in :he vzitei CD!- =here is some evidence that an inverse relationship availability (Andreae 1986 , Grone & Kirst 1992 . This is based on the notion that phytoplankton will preferentially synthesize a nitroratios N03:P04 or N03:Si02. [We used only our sumgen analog of DMSP, glycine betaine, when nitrogen is mer (July) data for this analysis to meet the need for available. Thus, when nitrogen is limiting to phytonutrient-limiting conditions.] Thus, although a relaplankton, i.e. during the summer months in temperate tionship may exist between DMSP and nitrogen intrawaters, DMSP will be higher intracellularly than when cellularly, it does not appear to be possible to relate nitrogen is abundant. A comparison of DMSP versus external nutrient levels with DMSP in any meaningful NO3 for the July cruise reveals no correlation (Fig. 10) .
way. In addition, we explored the idea that a single nutrient, or nutrient ratios, might be used as an indicator of a particular type of phytoplankton population, and thus CONCLUSIONS be related to DMSP product~on. Since silicate is used only by diatoms, the NO,:SiO, ratio might be used to
The results from our 3 survey cruises in the Gulf of indicate diatoms. Similarly, low N 0 3 : P 0 4 ratios have Maine are in general agreement with those from earbeen associated with phytoflagellate populations and lier studies conducted in other tem.perate regions of the harmful algal bloom species (Smayda 1990 (Smayda , 1992 . As world ocean. DMS and DMSP a.re higher in, summer can be seen in Fig. 10 cally assumed that certain seasons will
All are for surface water samples collected in July 1991 (see Fig. 3) be associated with different magnitudes of DMS emissions (e.g. Turner et al. 1988 , Bates et al. 1992 . Late winter/early spring Phaeocystis and associated high DMSP. In April, a conditions in temperate waters are typically thought of period dominated by the spring diatom bloom, the typa s periods of low production, both in terms of biomass ical flora can b e overridden by a n unusual bloom, and DMSP, but as we show here, this is not always the resulting in dramatically different populations and case, as witnessed by the late winter appearance of DMSP levels. This is demonstrated by the appearance o of the dinoflagellate Katodinium sp., recorded here for the first time as a spring dominant in off-shore waters of the Gulf of Maine. Likewise, summer populations, while a significant source of sulfur, are not always large producers of DMSP, unless there is a bloom of a specific organism like Emiliania huxleyi, as seen in the Gulf of Maine in previous years (Matrai & Keller 1993) .
The occurrence of high DMS concentrations in surface waters during the winter and early spring has potential significance to air-sea flux calculations. Water temperatures at this time of the year are ca 4°C and thus microbial activity and heterotrophic grazing may be at minimal levels (Townsend et al. 1994) . Bacterial consumption appears to be the major sink for DMS in surface seawater (Kiene & Bates 1990) , although there are no published rates for winter or in polar regions. Kiene & Service (1991) found very low rates of DMSP metabolism and DMS consumption at 4°C in Georgia (USAj coastai waters. We suggest that the high concentrations of DMS that we observed dunng the April cruise may reflect a lack of bacterial activity. As a result, a greater proportion of the EMS may be emitted at the sea surface. Air-sea flux of DMS is a function of the concentration in surface waters, wind speed, molecular diffusivity and viscosity, with the last 2 parameters being a function of temperature. Both solubility and viscosity increase with decreasing temperature, thus making diffusion of a gas less likely (Liss & Merlivat 1986) . The net effect of either property is roughly equivalent, and gas transfer appears to be largely dependent on wind speed and surface concentrations. In rough sea surface conditions transfer velocities increase dramatically, especially when wind speeds are greater than 12 m S-' (Watson et al. 1991) . Wind speeds during the spring bloom period are typically higher than in summer, but it is unclear how this combination of factors might affect DMS flux. If microbial activity is minimal at these low water temperatures, concentrations of DMS will be higher and more persistent in the water column, and gas transfer rates may also be enhanced due to higher sustained wind speeds. Future work on winter and early spring (i.e. cold temperature) blooms of DMSP-producing algae should include measurements of bacterial activity and concurrent atmospheric and surface water DMS levels.
